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DEVIATIONS /¥ pEVEAS AUTHORIZED _FQR_BLQUIREREHIS

REQUIREREWYS:

DEVIATION:

AUTHORYITY:

BEQUIREMENT:

GEVIA''ION:

AUTHORITY:

COZTAIUED L THIS DOCUHENT

Pﬁrawraph 1 " O IHTBOD“CTIGH sesenesh® Space
thuttle systen, including the vehicle and zl}
facilities vhere major tests or opevrations are
pecferaed, shall be designed to accept the
14ghering flash, as defined in this document,
directly te the systes during eitber preflight
or inflight operations wvithout affecting any
egquipsent in such @ mamner as to endanger
personnel safety, aission success, or to delasy
a lﬂ‘:.ﬁ‘)hv noe Yo awe

Paragraph 2,1 LIGHTMIHG EMTRY/EXIT PGINTS
{LATRCH AFED DESCEBET PHASES). The noust ljikely
lighteing entry/esit points for the launch
phase apnd the descant phase are shovan in
Pigures 2«1 and 2-2 respectively.

Paragraph 3.9.%.1 Vehlicle eztremities, both
getallic and non-metallic, sball withstand the
full nedel lightning flash without sustaining
dazage thnt would cause a palfunction that
veuld result ip the loss of the vehicle., don-~
setallic surfaces sShall either be supplied
vitk exterior carrent-conducting paths, or
shall demonstrate the intrinsic capability to
vithstand the iightrieg flash. Those areas of
the vehicle for which the state-of-the art
canrot provide protection shall ke tssted to
determine the opératicnal constraints,

Por lightnimg direct effect design, the
Bxternal Tamk LE2 and LO2 tanks and the 102
taak pressurizacion line shall be required to
vithstand che lightaing mode) second or sub-
sequent retarn stroke attachneats only and
these at a minimud vehicle velocity of 6@
ft/sec,.

Level @I PRCBD 3502385 dated, 1,/25/76

Paragraph 3.2.1 SHIELDINGeevr+0e.0versll cable
shields shall be continucus without breaks or
splices, expect at connectors and at bramch
points on cables vith multiple breakouts. The
overall shield, as a minisur, shall be
grounded to brlkhead metalilic structure or
equippent ground at each end. Intermediate
groundiag may be used.

Spiicer of BT overall hatrness shields =chall be
ailowed.

“Level II PRCBD S02385 dated, 1/25/76
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3. Sign and date this page in the space provided belouw to show
that these changes have been incorporated and tile imnediately
behind Revisions/Chauge Page.

Signature of person incorporation changes Date



FOREHQRD

This document has bzen approved by the Space Shuttle Prcyranm
Office and is available for use by NASA and associated
contractors,

Changes and revisions tc this document shall be accomplished in
accordance with the Level II Baseline change procedures
established by J5C 07700, Volume IV, Configuration Management.

7’;2&-6'?. D Pempsn—’

Rohert F. Thobpson
Manager, Space Shuttle Progran
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1.0 INTROLUCTION. fThe Space Shuttle vehicle may experience
lightning in flight even though launch restrictions will be
imposed. 1In addition, the system will bhe exposed to lightming on
the ground aad possibly during other aission phases.

@ The Space Shuttie systenm, including the velilcle and all facili-
ties where major tests or operations are perforaed, shall be
designed to accept the lightning flash, as defimed in this
document, directly tu the systea during either preflight or
inflight operations without affecting any equipment in such a
manher as to endanrger personnel safety, mission success, or to
delay a launch,

This document 2=fines the lightning envircrment for design and
ieposes the requirements that the design sust satisfy te insure
the protection of the Spacs Shuttle vehicie Systez fros the
diract and indirect effects of lightning. Specifications,
criteria, and guidelines incloded in this document provide a
practical and leogical approach to the protection problesms.

Protection against the indirect effects of lightning is
intimately involved with the electromagnetic cospatibility and
electrovagnetic interference funccions. W#hile this docusent does
not deal specifically with electromagnetic compatibility and
electromagnetic interference, it dces deal with the iunteractions
betveen liqhtning protection measures and seasures emplayed for
electromagnetic compatipility and control of electromagnetic
interference.

In casas of conflict betveen the contents of this document and
other specifications or criteria relatinag to lightning
protection, this document shall govern. Deviations shall be
cranted only upod? the concurrence of the Lightning Protection
Comnittee and the approval of the Space Shuttle Configuration
Control Board Level II.

The vords oay, skall, and should have a specific meaning in this
documant. See hppendix 6 for definmition.

1.1 CHAHGEZ PRCC2EDURE. Delegated representatives of the Hatiocnal
Azeronautics and Space hdministration; Johnson Space Center,
Marshall Space Flight Center, Kennedy 5pace Center; United States
Air Porce Space and ¥issile Systems organizatiom (LVE); and
Rockeell Internatioral shall be poiats of contact for progosed
changes through the 1Lightaning frotection Comaittee, Pigure 1-1
is a listing of asuthirized reprasentatives and Pigure 1-2 is a
saaple of the required amendsent foram.

(DRefer to the Deviation/Waiver Page in front of the docunent,
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After Lightning Protection Cozmitf:ee coordimation, all proposed
changes shall be prepared and processed in accordance vith the
Space Shutile Program lLevel 1I Configuration Wanagement
Requiresments docusent, JSC 07706, VYolume IV,

1,2 DEYIATTION PROCEDURE. Deviations and ¥aivers to the
reguniresents of this document shall e submitted for appraval in
accordance wuith the Space Shu“tle Program Lavel II Configuratica
Hanagement Regquirements docupent, JISC 07700, Volume IV.

1-2
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AUTHCRIZED REPRESENTATIVES

FOR

LIGHTNING CRITERIA DOCUMENT CHANGE COORDINATION

JOHNSON SPACE_CENTER

Donald D. Arabian
Dwight L. Suiter

KENNEDY SPACE_CENTER

William R. Durrett
Clyde ®hittaker

MARSHALL SPACE_FLIGHT CENTER

Buford E. Gallaher
Ross W. Evans

UNITED STATES AIR FORCE
SPACE_AND MISSILE SYSTEMS CRGANIZATION -~ LVR

Lt. Col. Charles T. Essmeier
Lt. Col. James A. Feibelman

ROCKWELL _INTERNATIONAL

Neville Radcliffe
By L. Giffin

FPigure 1-1 Authorized Representatives Por Document Change
Coordination
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RUMBER
AHENDMENT

SPACE SHUTTLE LIGHTHIRG —
PROTECTION CRITERIA DOCUMENT

PRODOSED CHANGE

REASAMN FOR CHANGE

Johnson Stncz Center

Kennedy Space Center .

Marshall Space Flight Centar

Space and Missile Systems Organization-XRZ (USAF)

Rockwell Internationnl

. AFPROVAL

JSC Form 1445 (May 73) HASA-35C

Figure 1-2  Sample amendment form.
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2.0 LIGHTUING ENVIBOHHENT. <The model lightning f£lash shown in
Figure X-% and deiailed in Appendix A shall be used for
arzlytical and test purposes to tae degree practicsl.

This model involves two strokes: the first has a current peak of
200,000 amperes and a current rate of change of 100,000 amperes
per microsecond (100 kA/10-¢ sec); the second stroke is one-
fourth the magnituae of the f£irst. The model incorporates
intermediate currents persisting for a few Rmilliseconds and a
continuing current. The second stroke is not 2lways present in a
lightning flash; hovwever, if the second stroke wuxists, it is
sodeled to occur fror 17 to 230 millisaconds follovwing the first
retarn stroke., This rodel of the second stroke shall be uged for
swept stroke arc resttachment analysis. The total charge
trapsferred in the two stroke amcdel is 200 coulombs vith 76.1
coulorbs contained {ino the second stroke. Two huadred coulombs is
containad in the first stroke vhen # second stroke is not present
in the flash,

Only racely can laboratory tests duplicate the severity of the
model flash., Siaulation of the effects of the sevare £lash are
sost practically szsde using several differant test wavefozos,
each tailored to duplicate cne of the affects of the antire
severe lightning £lash. Section 7 and Appendix E describe the
desirable charactaristics of test waveforas to be used.

(‘DZ.? LIGETNING EBRTRYI/EYIT POIVUTS ({LAUNCH AND DESCEHT PHASES).
The smost likely lightning entrysexit points for the launch phase

and the descent phase are shown in Figures 2-1 and 2-2
Tespectively.

(D riefer to the Deviation/¥aiver Page in frort of tha document.
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3.0 FPLIGHT HARDWARE.

3.1 DIRECT EPPECTS. Direct effects of lightning are the burning,
blasting, direct coupling of voltages and currents, and
structurrl deformition caused by ligheming arc attachaent, as
well as the high pressure shockwaves and aagnetic forces produced
by the associated bhigh curreats.

3.1.Y Electrical Cakles. Electrical cables should not, where
possitle, ba exposed to the direct effects of lightming. Exposed
cables shall be ceovered with electrically centinvous metallic
anclesures,

3.1.2 jebjcle Structyrai Iategfaces (Ogbites/Bissioal Tapks
Snlid Rocket Fioosterl. Each interface shall be able to uvithstand
the mecdel lightning flash vithout jeopardizing the strength or
any functions required to safely continue the mission,

Structural interface surfaces shall be designed to hava less than
2.5 milliohas resistance across their mated surfaces. The
interiace shall also retain the specified resista.ce for the
uswful life of the vehicle.

3.1.3 Bppding. An electrical path shall be provided betueeen
structures or components that are in the wain lightniag current
path and shall bave a resistance of 2.5 milliohms or less. Only
those doors, panels, and control surfaces in the main lightning
path require bonding. Houever, bondiag of external doors,
panels, and contrxol surfacas not in the main lightning path shall
have a resistance of not nmore than 10 epilliohms unless
elactropagnetic interference cousiderations dictate a lower
resistance, Electrical cables and connectors are excluded froa
the requirements of this paragtaph.

3.1.4 Sstructyre. Por ground operations, a preferred continunous
metallic path shall be provided £roa the preferrsd poiat of
lightning 2ntzy into the composite Space Shuttle wehicle to the
preferred exit point. The metal skall be capabls of conducting
the pe2k and coatieunous current of the model lightning flash
vithout jeopardizinyg crewv safety or delaying a launch.

q)3.%.4.1 VYehicle extremities, both metallic and nom-matallic,

sbhzll withstand the full sodel lightaning flash vithout sustaining
damage that vould cause a malfunction that would result in the
1088 of the vehicle, HNon-metallic surfaces shall either be
anpplied with exterier current-conducting paths, or shail
descnstrate the intrinsic capability to witkstand the lightnirg
fflash. Those areas of the vehicle for vhich the atate-of-the-art

(Drofer to the Deviation/Haiver Page in fromt of the document.
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cannot provide protection shall be tested to determine the
operational constraints.

3.7.5 pearipg Asgepblies. Each bearing assenbly in the wain
lightning current path shall be able to withstand the amodel
lightaning flash without darage. Figure 3-1 sShows the hinged
bearing surfaces, (Continuous matal hinges {piano-type) are self
bonding, provided that the resistance across the hinge is less
than 10 millliches.

3.1.6 pntennas, Artennas should not be located in the prize
lightaning arec attachment areas. 5e2 FPigures 2-1, and 2-2. Rll
antennas shall be protected against ligktning effects,

3.1.7 Flapeable Pluyids. Oxydaes._and Bemopropellaat Systess.
Tapks, lines, and aasoclated accsss doors, drains, and vernts
shall by designed such that sparting from lightning and static
electricity cannot occul inside the vehicle structure.

Lipes, tanks, drains, and vents exposed to direct lightning arc
attachments shall be designed such that the ignition point of
either the container materials or the fluids shall not be
reached. FRefer to Appendix B for guideline data.

3.1.8 aig_Data Probes. MAir data probes shall be desiguned to
prevent the lightaning curront from directly coupling into the
vebicle electrical power system anrd/or dasaging the vehbicle
Structure.

3.2 INDIRECT RBPFECTS. Indireci offects of lightning are damage
or malfenctions due to cuxreats and voltages caused by the
electromagnetic fieclds sssociated with lightning.

Blectrical equipmeat shall be designed to withstand the elec-
tromagnetic effzctg produced by lightminy without damage or
malfunction that endangers the crew, the success of the mission,
or delays a laucch,

The electrical eguipeent should be designed to withstand electro-
aagnatic effects produced hy lightming without any malfunction or
upset, aven if such malfubction does not endanger the crey gor the
succogs ofi the pissica.,

Conpliance to thie requirement shall include the interactions
between the different terminal equipment or between teralnal
eguipgent and interconnecting cables, and shall be demopstrated
in each cese by analysis or test.

Transient design levels shall be established in acgordance with
dppendis D.

3-2 CHANGE NO.



@3.2.1 Shinlding. Overall shiszlds shkall be provided for all
cables to comntrol the transients unless:

3. Protection is provided by mseams other than shields; ov

b. Such transients do not affect crevw =afety, pissiocn
success, ot tiee of lauach.

Overall cable shinlds shall be eontinvous without bre ks or
splices, except at connectors and st branch points on cables with
aultiple breakounts. The overall shield, as a sinimum, skall be
groarded to bulkhead metallic structure or equipment ground at
gach ond. Intermedjate grounding may be umwed.

3.2.1.1 Shields on conductors, where requlred, shall have a
pinisum coverage of 85 percent, Shielded zonductors inmide the
overall cable shlellds may be grounded as appropriate for control
¢t low-level or lov-frequancy electromagnetic interfereace.

3.2.%.2 oOn external skins, termination of the overall shield
shall be made along a 360-degres periphery of the conhhector
shell. Thke connector shell shall be grounded in a 3I60-degree
saaner to the surface upon which it is mounted. Tereination amd
gronrding of the overall skield at such surfaces vith pigtails or
singie pins shall not be acceptable.

3.2.1.3 Termination of the overall shield at connectors cn
interpal bulkheads should he made aleng a 360-degree paripkery of
the conrnector shell. If terasination anrd grounding is made with a
pigtail or through a connector pin, the connection shall be made
directly to the bulkhead using the miniesuR langth patb. The
rasistance of the pigtail shall not exceed 2.5 miliiohmasa.

3.2.2 Pgyer Retyrns. Cuerrent-condecting .paths shall be prorvided
batveen  vehlcle interfaces only thrcugh the electrical jinterface.
Structure at iptervehlicular interfaces shall not be relied upon
as current-conducting pover-reture paths,

3.2.2.1 intravehicular powar cistribution systems should incoc-
porate a single-point grounding system to prevent ground loops.

3.,2.2.2 Floating power distrihution systoms are acceptable.
3.2.2.3 IXIntravekicular stractural returms are acceptable
provided that sgch paths do net zliow coupling that would cause
adverse effectst to the operation of any systes in the vehicle.
3.2.2.4 Elsctrosagnetic conpling can bhe controlied by shielding,
roating of cosductors, or by the use of tramsient suppression
devices. &1l transieat suppression device fallure ncdes shoulad
isee Appendixz G for definition of adverse effects.
Qy Refer to the Deviation/Haiver Page in front of the docurent.
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be fail-cpen uynder norgmal vehicle system operating conditions and
after a lightning strike. (See Appendix € for suppression
devices and their capabilities.)

3.2.3 Vehicle ¥iging_Intecfaces (Qkbiter/Extergal Tank/Solid
Rogket PBooster). Hiring interfaces shall be controlled to

prevant voltages or curceats, resulting frou the direct or
indirect effects of lightning, froza damaging or interfering with
terzinal eguipnent.

3.2.4 PBandwidih Limitations. Egquipaent frequency bandwidths
skould Lo established that are no wider than necessary for proper

operation,

3.2.% Jviogpics Rapdvare. Lightuoing effects shall not cause a
lozs of pover of such a duration that would result in adverse

effects to category 1 equipaent.

3-4 CHANGE NO, 2
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4.0 GROUND HARLCWARE. Ground hardware, for the purpose of this
document, includes =2quipment and facilities directly or
indirectly connected to the vehicle, the proper functiom of which
is essential to personnel and equipment safety, mission success,
and to prevent launch delay.

4.1 DIRECT EFFFCTS. Egquipment and facllities which cannot
vithstand direct lightning effects, as defined in paragraph 3.1,
shall be protected by air terminals and/or conductors. Equipment
and facilities may be protected by the cone of nrotection of
cther structures,

.7.17 JVehicle-to-Faciliiy Groundiny. Facility grounding
provisions shall be designed to provide a resistance of 2.5
milliohms or less between the external tank and the mobile
launcher, between the Orbiter and the mobile launcher. and
between each of the solid rocket motors and the mobile launcher.

4.1.2 Electrical Bonding. The electrical conductive path or
bond between structures or components in the main lightning
current path shall have a resistance of 2.5 milliohmns or less.

4.1.3 Cabie Trays. All cable trays shall be protected from a
direct lightning flash, All vertical cable trays on facility
structures exposed to the electromagnetic effects of lightning
shall be of solid metal and completely covered, and when

practical, be mounted internal to the facility structure.

4.2 INDIRECT EPFECTS5, Indirect effects are damage or
malfunctions due to currents and voltages caused by the
electromagnetic fields associated with lightning.

4.2.1 Grounding.

4.2.1.1 Grouxding systems, such as E (Equipment) and I
{Instrumentation) ground systems, shall bz connected together at
orly a single pcint, and this single point shall be connected tc
earth.

4.2.1.2 Circuits and signal ground shall be referenced to a
grounding syster isolated from structure except at ome point.

4.2.2 Lightning Protection Shielding.

4.2.2.1 1All cables shall have an overall shield for lightning
protection. The overall shield, as a minimum, shall be grounded
to bulkhead metallic structure or equipment grounding terminals
at least at each end., Overall shields shall be continuous
without breaks or splices except at connectors and at kranch
points on cables with multiple breakouts. Intermediate grounding

-1
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should be used where the overall shield penetrates or touches
metal. <Cables located completely within shielded comnpartments
need not comply.

4.2.2.2 Shields c¢n conductors skall have a minimum caoverage of
85 percent. Shielded conductors inside the overall cable shields
may be grounded as appropriate for control of low-level or low-
frequency electromagnetic interfereance.

4.2.2.3 Terwination of the overall shield cn external bulkheads
shall be made along a 360-degree per_phery of the connector
shell. The connector shell shall be yrounded in a 360-degree
manner to the bulkhead uponrn which it is mounted. Termimation and
grounding of the overall shield at such bulkheads with pigtails
or single pins shall not be acceptable.

4.2.2.4 Termination of the overall shield at connectors on
internal bulkheads should be made along a 360-degree periphery of
the connector shell. If terminaticn and grouunding is made with a
pigtail or through a connector pin, the connection shall he made
directly to the bulkhead petallic structure using the aminimum
length path. The resistance of the pigtail shall not exceed 2.5
milliohms.

4.2.3 Bandwidth Limitations. Egquipment frequency bandwidths
should be established that are no wider than necessary for proper
orcerations.

4.3 VEHICLE/FACILITY INTERFACES (LCOKING TOWARDS THE FACILITY).

5.3.1 Metallic Tubes and Ducts. All metallic tubes and ducts
penetrating the vehicle skin shall be electrically bgnded to the
vehicle skin. If this bonding is accomplished with a junmger,
this jumper shall be as short as possihle.

4.3.2 Transient Protection Devices. Transient protection
devices shall be installed on power lines at the closest
practical point to where the power lines penetrate the vehicle
skin. These transient protection devices shall be installed both
line-to-line and line-to-ground. Such transient protection
devices pay be eliminated, if it is shown by analysis and test
that the margin between the actual-induced transient levels and
the susceptibility of the terminal apparatus meets tne guidelines
of Appendix D.

4.3.3  Vehicle-to-Ground Hardware Interfaces, ¥UWirierg interfaces
shall be controlled to prevent voltages or currents resulting
from the direct or indirect effects of lightning from damaging or
interfering with terminpal equipment. At the vertical flight
facility, ground hardware electrical lines should interface the
vehicle as clcse to the pase as practical to minimize the
indirect effects of lightning.




5.0 PYROTECHNICS.

5.1 PROTECTIOCN OF MATERIALS AND DEVICES. Installation of
pyrotechnic materials and devices shall be designed to provide a
specific current path around the pyrotechnic materials and
devices such that the effects of the full model lightning current
will not cause dudding or inadvertenmt firings.

5.2 PROTECTICN OF ELECTRICAL SYSTEMS Pyrotechnic electrical
firing curcuits, power sources, and controlling logic shall be
designed such that nc functional faiiures will result from the
direct and irdirect effects of the full model lightning current,

5.2.17 Bondiprg. The initiator and controlling logic containers
shzil be electrically tonded to the vehicle structure. The
measured electrical bond resistance from the comnponents to their
respective adjacent vehicle structure shall be less than 2.5
nillichms.

5.2.2 Shielding. Shielded tvisted-pair wires shall be used for
each single bridgewire explosive device initiater. Shields shall
be continuous without breaks or splices, with the exception of
through-pins in pressure bulkhead electrical connectors.
Shielding termination at connectors shall provide 36(-degree
coverage. The shield design shall provide a nmigimun area
coverage of 85 percent for attenuaticn.

5.3 TESTING. The requirements cf paragraphs 5.1 and 5.2 shall
be verifiec by tests.



6.0 FERRYING REQUIREMENTS. All electrical and mechanical
interfaces between the aorbiter and the carrier aircraft shall
meet the requirements of this decument.

o
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7.0 VERIFICATION. R severe lightning current waveform model has
been defined for the Space Shuttle as a design requirement and
included in Appendix A of this document. The reproduction of
this complete waveform would be expensive and difficult;
therefore, some siwmplified test waveforms are prescribed for
demonstrating compliance with the severe model reguirements.

7.1 WAVEFORXS. The transient currents and voltages produced by
sigulation devices may e described by certain idealized
wvaveforms. These same waveforms may be used as approximations to
the actual lightniag current and to the currecnts and voltages
produced by the lightning current.

The four most conmonly encountered vwaveforms are shown on Figure
7-1. The physically realizable waveiorms ({solid lines)} &and
straight line approximations (dotted lines) are both shown.
These waveforus describe both the awplitude and tiwe history of
the waveform. The most important factors that must ke defined
for each of the waveforms are:

7.1.1 Danped Oscillatory Waveform

a. Aunplitude - A

b. Time to crest - t (straiyht line approximation - t?)
1

”~
e

eriod of oscillation - T {in terms of frequency, (f}

!_?
T = 1/f]

d. Decrement or ratio of amplitudes of successive half
cycles.

7.1.2 Expounential Waveform

a. Amgplitude ~ &

b. Time to crest - t (straight lime approximation - t°%).
1

¢, Time to half value - t

Z

7.%.3 Exponential Waveform with Backswing

a. Anrlituwde - A (time to crest amd time to half value
same as the exponential wave).

h. amplitude of the backswing - A2

7-1
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c. Duration of the backswing - t @ninus t
4 3

t, Time tc crest - t
1

c. Time to half value - ¢
2

d. Duration - t
3

7.2 APPLICABILITY OF WAVEFGQRHS

7.2.1 Direct Effects. The solid lines of the damped oscillatory
wavefora and exponential wavefora (Figure 7-1) shcould be used for
exterior hardvare and total vehicle tests., The solid lines in
Figure 7-1 indicate the general test waveforrms which are defined
in more detall in Appendix E. These waveforms are determined by
the type of equipment available for artificial lightning
generators, specificaily capacitor banks firing into the test
circuits, which results in damped oscillatory and exponential
waveforms.

7.2.2 Indirect Effscis Analysis. Analysis of indirect gffects
is most easily accomplished with a straight line approximation of
the natural and artificial lightning current waveforms, These
are illustrated by the dashed lines in Figure 7-1, and are
defined ip more detail in Appendix E.

7.2.3 Indirect Effects Test. 7Test waveforams for indirect tests
are determined both by the pulse sources and the coupling devices
with resultant waveforms shown in b, ¢, and d portion cf Figure
7-1, and in more detail in Appendix E,.

7.3 FLIGHT HARDWARE (ORBITER/SOLID RQCRET BOOSTERS/EXTERNAL
TANK/MALIN ENGINES).

7.3.1 cComponent and Subsystem Level Testis - Direct Effects.

T«3.1.1 A series of tests shall be made on those components of
the structure most likely tn be subjected to the direct burning,
blasting, or mechanical effects of lightning. The purpose of
these tests shall be to determine »hether those <Components will
suffer unacceptable physical damage. Exterior hardware having a
criticality of 1 shall be tested. Exterior hardware hkaving a
criticality of 2 and 3 should be tested, if zaelysis so
indicates.



7.3.1.2 The items to be tested should isciude, but ¢ill not be
linited to the fellowing: '

a. Navigation lights

b. Separation latching mechanisms
C. Guillotine devices

d. Puael £iller caps

2. RAccess doors

£. Umbilical systenms

g. WOembilical covers

h. Antennas

i. Air Data Probes

4. Fuel vents

k. 2xteinal structaral skin joints

7.3.%.3 1A mera datailed discussion of the test vaveforms to be
used for direct effects testing is given in Appendix E.

7.3.2 Coppongnt and Subsystex Level Tests - Indirect Effect§,

7.3.2.1 A series of aizalysis and transient proof tests shall be
conducted on a subsystenm level.

7.3.,2.2 The actual tramsient level to which lightning is
expected to isgress upom the equipment shall be calcunlated.
Appendix F may be used as a guide to such calculations. On the
ground, where the vehicle can be the entry peoint for lightaing,
actunal tramsient levels impressed upon any associated ground
hardeare shall also be included in the calculations.

7.3.2.3 Each piece of electrical eguiprent shall be assigned a
transient design level at which a transient proof test may bhe
made to verify that the apparatus will pot suffer adverse
effects. The type of test (volitage or current), the type of
application (common mode or line-to-line), the amplitunde, and the
frequency or wave-shape parameters shall be included in the
complete specification of the transieat test levels.

7.3.2.4 Transieat proof tests are discussed in Appendix D. »r
series of trauvsient levels shall be developed that are
appropriate to the different types of apparatus and the
2lectromagnetic environment to which that apparatus is ezposed,
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Appendix D may te used as the initial guidelines for the
developsent of srch levels.

7.3.2.5 The actual transient level produced by lightning shall
be verified to be less than the transient test level to which the
eguipnent has been subjected or the “ransient desigun level, if
the procf test has been waived.

7.3.2.6 The required margin betweer the actual transient level
and the transient test or design level shall be determined from
the guidelines given in Appendix D.

7.3.2.7 Transient proof tests shall be performed on all
criticality 1 electrical equipment. Transient proof tests shoula
be performed on criticality 2 and 3 electrical eguipaent, if
analysis so indicates. An alternate test and apalysis may be
cocducted for large current higk inductive devices, such as
relays, soleroids, and motors, consisting of a 1250 volt - 6C
Hertz dielectric withstanding voltage test and an analysis of the
induced differential curxrent,

7.4 TOTAL YEHICLE TESTS. Simulated lightning tests shall be
conducted onm the oOrbiter vehicle. The test vehicle should be
outfitted vith as coaplete a set of avionics equipment as
possibie and be configured for operations at altitnies bslow
50,000 feet. The avionics equipdent shall be operated during a
represenrative portion of these tests to verify compliarice wmith
the regairements of this document. The generalized test
waveforss to be used in the lightmning simulation testimg are
shown in Figure 7-1 and described in nmore detail im Appendix E.
Haveforas wore closely approximating those of Appendix A should
be used, if available.

7.5 GROUND BARDWMRE

7.5.1 pirect Rffects.

7.5.1.1 Vehicle-to-Facility Grounding. Verification of the 2.5-
millichm requirement of paragraph %.1.1 shall be aade by anmalysis
and, if practical, shall be verified periodically by actual
measuremnent.

7.5.2 Indiract Effects.

7.5.2.1 Equipment apd Instrumertation Grounds - Verification of
the requirements of paraqraph #.2.1.1 shall be accowplished by
measurcaent during initial facility construction and periodically
thereafter.

7.5.2.2 Coatinuity of Cable Shields ~ The continuity of the
overall cahle shields, specifiied ip paragraph #.2-.2.1, shall be
verified prior to cable installation. Verificatioan that overall



shielding inteqrity is maintained after cahle installation shall
be perforeed, vhere practical.

7.5.2.3 Calcunlation of Actual Transient Levels - Circuits of
criticality 1level 1 and 2 shall bhe analyzed in accordance with
Appendix D to determine the transient levels produced upoen those
circuits by lightning. This analysis shall be made in sufficient
detail to dstermine both the differential-mode and the cozmpoa-
mode transients upon both tke ground hardware and associated
£light hardware.

7.5.2.4 Transient Design Levels - Transient design levels shall
be established for all ground hardware of criticality levels 1
and 2. These levels shounld be determined by analysis of desige
data using the guidelines in Appendix D. The transient design
levels shall include both comron-node apd differential-mode
interference. Transisnt design levels should be established for
equipment of criticality level 3, if 'analysis so indicates.

7.5.2.5 Transient Proof Tests =~ On ground hardvare of
criticality Zevels ! and 2, tramsient proof tests or transient
analyses shall he performed to demonstrate that the actual
transient levels are lower tham the assigned traunsient design
levels by the margins given ia Appendix D,

7.5.2.6 Transient Level Verification - Provisions shall be made
to measure the indivect effects of actual lighktaing on
representative circuits when ground hardware is connected to the
vekicle during rollout and on the launch pad. These measurements
are to be used for evaluating the equipment actual transient
levels previously calculated in accordamce with paragraph
7.5.2.3.



>

i3

o

t,'t ‘
171 2
¢} Exponential wave with backswing

|~

d) Generalized triangular wave

Figure 7-1  Description of waveforms.
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8.0 WEATHER RESTRICTIOHNS.

B.1 DEVELOPMENT FLIGHTS. Weather restrictions will bhe imposed
for development f£lights which will preclude vehicle involvement
with lightning during launch, therefore, development £light
instrunentation is exemnpt from the requirenents of this documeant
with the follewing exception: For the Orbiter entry phase, the
DFI design and installation siall preclude the introduction of
lightning effects into electrical/electronic equipment which
could cause damage or malfunction that would endanger the crew oz
the success of the mission.

8.2 CPERATIONAL FLIGHTS. To be determined after lightning
protection desins have been verified.

8.3 FERRY PLIGHTS. Weather restrictions will be imposed\ for
ferry €lights which should preclude vehicle involvement with
lightning.
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APPERDIX A

LIGHTNING MCDELS

The cuarrents flcwing in a lightning £lash to ground are
conveniently separated into three categories:

a. PReturn stroke surges Peak current on the order of
up to 100,000 A or more.

Duration on the order of tens
of microseconds,

b. Intermediate currents Peak current on the order of
up to 10,000 A or nmore.

Duration on the otrder of millii-
seconds.

c., Continuing currents Peak current on the order of
up tc 1000 A,

puration on the order of hun-
dreds of milliseconds.

Currents of types (b) anrd {c) are primcipally responsible for
damage such as hole-burning while type {a) curreats mainly
produce exprlosive effects and undesirable coupling trabnsients.

In general, the time structure of lightaing currents is less
variahle between individual f£lashes than are the amplitudes. It
felleows that severe liqhtning mcdels are bhest developed first in
terms of amplitudes, vith sahsequent secondary adjustments to the
time structure, in order to obtaln overall physical reality.
Furthermore, there is little connection within an individual &is-
charge between the severity of the thrae categories of carrent;
in otheyr words, even if an initial return-stroke surge is severe,
this has minimal influence on the severity of a following con-
tinuing curtent.

The current-time history for a model lightning flash to ground is
shosn diaqraamatically in Figure 2~) with some further details
heing presented in Table A.1. The flash is a very severe
discharqge, The medel is formulated in terms of certain key
points {A through K in Piqure A-1) at which specific values of
current, i, and time, t, are attained. Between successive key
points, the current is assumed itc change in a steady straight
line fashion with time.*

*This simple representation leads to discontinuities in the rate
of change of current (disdt). However, when necessary — as in
some conputing work - these discontinuities are easily accomno-
dated by various mathematical devices.
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The model consists of seven current stages: a first return
stroke including both a main~current surge and an intermediate
current; a contiruing current in ftvwo phases; and a second
subseguent stroke again comprising a main surge succeeded by
intermediate currents and continuing currents. The continuing
current is modeled in two phases because naterial damage produced
by continuing currents depend=s gn actual time and current values
{Appendix B), and is not - as if often ipcorrectly believed - a
fuaction of charge transfer alone. It is possible that special
types of damage conld he produced by a subsequent sizoke
following a continuing current, for example in swept stroke arc
reattachments; hence the addition of the second stroke.

The model represents a very severe flash. For instance, the
first stroke involves a peak current of 200 kA and a rate of
curlent rise of 100 kA/as; these values are exceeded,
respectively, in some 0.7 percent and 2 percent of the first
strokes.

Also, the charge transfer represented by the continuing currents
is 170 coulomhs with an average curreant of 700 A4 in the initial
pkhase; these magnitudes are surpassed, respectively, in 0.5
percent and 1 percent of continuing currents. Again, a peak
curteat of 50 kA is only exceeded in 5 percs#ant of subsequent
strokes. A further impertant point is that the values of many
lightning parameters are not interconnected. Thus, in our model
flash, ve have a first stroke peak current of 200 kA, a total
charge transfer of 200 coulombs, arnd a =ubsequent stroke peak
current of 50 kA; since these three parameters are essettially
uprelated, it follows that the three specified values are all
exceeded in the same discharge for less than one in one-hundred
thousand fiashes to qround,

The model is esentially developed for applied purposes aand it has
consequently been siweplified appropriately in both the analytical
and phkysical respects. 1In physical reality, a severe discharge
wonld have far more strokes and also, more phases of continuing
current than indicated on Figure A-1; however, the integrated
effects of a very severe natural discharge and 2f the model ars
similar.

Intracloud discharges are less severe than flashes to ground
largely because of the ahsence of the large sudden return-stoke
surges. Thus, if material and equipment are unaffected by the
severe ground-discharye model, material and equipment will also
be ipwune to intracloud flashes.

Further inforpatior. on the concepts advanced in this Appendix is
summarized in two sources:

a. ightniag (McGraw~Hill) by M. A. Uman (1969).

%
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b. ™"a Ground-Lightning Environment for Engineering Usage®
by N. Cianos and E. T. Pierce, Stanford Research Insti-
tute report (1972).
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1. Pirst return
stroke surge

|

I

I

i

|

|

1

I
2. Ficst stroke |
internediate |
current i

|

3. Continuing {
i

!

I

I

!

currant -
first phase

4. Continuing
current -
saccend phase |

|

5. Second return|
stroke surge |

6. Second stroke]
interpediate |
currant |

- o+

o

[

Table A.1

0 i
2 us i
100 us i
100 us i
5 ns i
5 ms i
55 ms i
5% ms i
392 ns i
17 ms - 230
2 us i
100 us i
S os 1
165 ms i

no

400 a
400 A

ns to t

50 kA

.5 kA

3.5 kA

40Ch

Details

of Lightning Mcdel

Linear

Linear

Linear

Linear

Steady

Linear

Linear

Linear

Note: t = Timc associated with first return stroke

t = Time associated with socond retuvrn stroke

rise - 100 kdA/us
fall - 193 kXA in 28 us

fall - & kA in 4.9 ms

fall

6992 L in 50 ms

current

rise ~25 kA/ps

fall - 46.5% ka in 96 us

fall - 3.1 kA ia S ms

1
Charge |
passing

0.2C
~10.2C
15%.86C

35.4cC

135.0C
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APPENDIX B

HEATLING AND PONCTURE OF METALLIC SURFACES BY LIGHTRING

At and near the point {circular spot on the order of 0-5 inch or
less in diameter) that lightning enters or leaves a metallic
surface, enerqy is transferred %o that metal. The result is
heated metal and possible puncture (burn or melt-through) of the
metal. In general, the thicker the metal and the higher its
electrical and thermal conductivities, the less severe the
damage. Most heating effects are due to lighktning currents in
the one-hundred to severali-thorsand ampere range with durations
of hurdreds of milliseconds to & few milliseconds. (The
intermediate and continuing current phases of the lightning
mcdel.)

inalytical approaches to this heat transfer problem are
complicated by the lack of knowledge on the fraction of the
energy inpul delivered to evaporation and sputtering, vwhich may
be large, and the lack of knowledge on the thermal and electrical
properties of metals of high temperatures. The best available
inforwation oa lightning-metal interactions has been abtained by
laboratory simulation. fThe results of these studies are probably
indicative of more damage than would be produced by actual
lightning, since the laboratorv-arc contact spot is generally not
as free to move on the surface as is the actual lightning.

Experimental data due to Brick are shown in Figures B-1 and B-2.
Figure B-1 indicates the charge transfer, the time for that
transfer, and tke steady current needed for that charge transfer
in order to produce a burn-through of aluminum sheets {back
surface to 660°C} of various thicknesses. Figure B-2 gives
charge, time, and current to raise the back surface of titaniuam
to 13209C (jet-fuel ignition temperature). The melting point of
titanium is about 1700°C.

Experience with commercial aircraft and laboratory studies have
shown that windstream and electromagnetic effect operate to move
the point-of-arc attachment. This moticn is greater for some
materials than for others depending largely or surface
properties, Electrode configurations pay tend to render the arc
stationary. Usually, however, the windstream movement effects
are dominant - except on trailing edges - so that "sticking"®
times on conducting material rormally used on aircraft are of the
order of a rmillisecond. For bare skins, the intermediate current
phases are the most criticil in that they cause damage xith
minimom chavge transfer., Even With sweeping effects, the
intermediate current can puncture thin skins at low air
velocities.



Further

information can be obtaired frow the following sources:

E 0. Brick, "A Method for Establishing Lighining
Resistance/Skin Thickness Requiremeants for Aircraft®,
ISAF Avionics Labovatories, Wright-Patterson AFB, Ohio,
Proceedings, 1968 Lightaing and Static Electricity
Conference, D=2cepher, 1968, Miami, Florida.

B 0 Brick, L. L. ¢€h, S. D. Schneider, "The Effects of
Lightning aAttachment Phenomena on Aircraft Design®,
USAF, Proceedings, 1970 Lightning and Static Electricity
Cccnference, December, 1970, San Diego, California.

R H Evans and J. Phillpott, "Lightning Simul-tion and
Testing in Relation to Specification MIL-B-5087%,
Proceedings, 1972 lLightnirg and Static Electricity
Cenference, December 12, 1972, Las Vegas, ¥evada.

H. M. MNewman, J. R. Stabrann, J. D. Robb, and T. Ghen,
"Lightning Discharge Svwewping Effects on Cuorrent Pitting
of Aircraft skins", LET Report No. 530, April, 1i971;
Lightning & Transients kResearch Institute, St. Paul,
Minnesota.

M. J. Kofoid, "Lightning Discharge Heating of Titaaiun
Aircraft Skins¥, Boeing Scientific Research
Laboratories; Document D1-82-0752, September, 19568,

K. B. McEBachron and J. H., Hayenguth, "Effect of
Lightning on Thin Metal Surfaces"™, Transactions AIEE 61,
pages 559-564 (1942).

P. L. Bellaschi, "Lightning Strokes in Field and
Lahoratory I1I{%, Transactions AIEE 60, pages 1248-1256
(1941) .
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APPENDIX C

TRANSIENT PROTECTIVE DEVICES
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APPENDIX C
TRAWSIENT PROTECTIVE DEviCES
Transient protective devices offer the possibility cf

the ability of a system to withstand the electromagnet
of lightning.

i=p
ic

There are two basic types of overveoltage or transient protecticn
devices, those which on sensing an overvoltage switch to a low
inpedance state and thus cause the impressed voltage across ther
to collapse to a low value, and those which on sensing an
overvoltage tend, by virtue of their non-linear voltage-current
relation, to maintain the voltage at that level, but do not
collapse the yoltage. Examples of the first type are spark gaps
and arcing dielectrics. Examples of the seccond type are Zener
diodes and varistors., There are also devices, which on sensing
ah aovervoltage, interrupt the power flow to the load. If this
interrvuption is accomplished by electromechanical means, they
shonld not be considered transient proizlition devices because
they &are inherently slow to respond.

Switching devices inherently offer greater surge power handling
capability than do the Zener or varister types of devices. The
instantaneous pover dissipated in a transient protective device
is the product cof the surge current flowing through the device
and the voltage scross the Jevice. For a constant surge current,
a svitching device, like a spark gap across gwhick the voltage is
low while in the conducting state, will have less power released
in it than a device like a Zener diode across which the surge
voltage remains high. For a given surge power handling
capabiiity, a spark gap will thus be gsmaller physically than &
Zener diode or varistor device.

Another fundamental difference between switching devices (spark
gaps) and non-svwitching devices (Zener diodes or varistors)
related to their recovery characteristics after the surge has
passed. If a line is protected by a spark gap ard if that line
is connected to a sourse of energy (2 povwer bus, for exauple),
that energy source must be disconnected from the line before the
spark gap can switch back from its low impedance conducting state
to its high impedance non-corducting state. Gemnerslly, this
reguires opening a circuit breaker on the line. A Zerer diode or
varistor effectively ceases to conduct as soon as the voltage
returns to its normal value, Qperation of remote circuit
breakers is not required. Transient protective devices are not a
panacea. However, all types of over-voltage prctection devices
inherently operate by reflecting a portiom of the snrge =aerdy to
its source and 2y diverting the rest iato another patl, all with

c-~2



the intention of dissipating the surge energy in tne resistance
of the ground and in the interconnecting lecads. The alternative
to teflecting the energy is to absorb the svrge gnergy in aa
anprotected load, Reflection and diversion of the serge energy
are not without their hazards.

a. The refiected energy can possibly appear on other unpro-
tected circuits.

b. MNultiple reflectior may cause the tramsient to last
longer than it wourld othecwise.

C. The spectral density of the energy may be changed, with
either high or low frequencies being enhanced.
Interference problems on other circuits may well be
enharced even though the xisk of damage to the protected
circuit is reduced.

Most commonly, the type of transient protective device ta be used
depends oun the amcunt of surqge energy to be reflected,
Generally, this energy decreases the further away cne gets from
the stroke. The =urye enerqgy tc be expected can also be related
crudely to the normal pperating power of the circuit invoulved.
One would snormally expect lower surge levels on leow-voltage
signal circuits thar on medium power control circuits and even
less than on main pover distribution busses. 0One might thus
logically use Zener dicdes ¢on individaal circuit boards,
varistocs cn iterminal boards, and spark gaps on leads running to
prime entry and sxit paints.

A summary of the advantages and disadvantages of the various
transient protective devices 1is given in Table C.1.

Further information can be obtained from the following sources:

a. FPF. G. Arrvowsmith, "Lightning Discharges and Youx
Equiprent,” The Electrcnic kngineer, October 1966,

b. R. E. Buies, F. A. Fisher, "“"Techniqnes and Devices for
the Protection of Electrical and Electronic Circuits
from Lightniny Transieants," General Electric Company,
Contract No. AF29(601)~-5402, June 1963.

G. E. Morgan, V. A. Basccu, W. H. Cordova et al., "Final
Bzzoit on the Evaluation of Surge Protective Devices for
BHP Havdening Applications,” Autonetics, Northk American
Rockwell, £72-712/201, Contract Wo. F29601-72-C-0028,
December 1572,
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APPENDIX D

TRANSIERT LEVELS

Verification of the ability of ejuipment to withstand the
indicect effects of lightning will be provided through the
assignment of a selies of transient design levels and the
implementation of a series of transient proof tests conducted at
transient test levels which will generaliy be, but need not he,
identical to tne transient design levels.

The transient proof test is a test wherein currents, voltages, or
both, are injected into the interface terminals of avionics
equipnent. The levels at which the proof test is conducted and
the transient levels to which the equipment is designed must be
appropriate for both the type of equipment under test and the
electromagnetic environment to which the equipment and wiring is
exposed.

Ccnpliance with the terms of this documwent will be assured, if
the actual transients on interfacing cables are shown by analysis
or test to be lovwer, by a specified margin, than the transient
test level at vhich the transient proof test was made or the
transient level to which the egquipment was designed.

Transient Design Levels

Transient design levels will be different for different types of
=quipment and will be based on lavels at which avionics equipment
can be reasonalble expected to survive. It would, for exampla, be
unrealistic to place the sawme transient design level om a
sclenoid-operated actuator and a digital control unit. To do so
would probably require either unnecessary shielding of the wiring
to the actuéator, or require unnecessarily complex protectiive
circuits in the control unit.

Determining a realistic level for different types of equipment
may involve test programs to detersine actual susceptibility
levels. If such susceptibility levels have been determined, a
transient design level of a lower amplitude should be specified.
An estimate should be made of the difference between the actual
susceptibility level and the assigned transient design level,
since this difference will be one of the factors determining the
ultimate margin required during the verificaticen progranm.

If no measured suscaptibility levels are known, it may be
possible to estimate ¢ susceptibility level and from that
determine an agpprorriate trarsient design level. In such a case,
the difference between the estirated susceptikility level and the
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assigned transient design level should be gyreater than if the
selection were based on measured susceptibility level. In other
cases, no informatiouw on susceptibility levels may bke available,

and thus, it will be necessary to arbitrarily assign a zransient
design level.

Transient Test Waveforms

The most coxmonly used type cf transient test waveforms will he
of a damped oscillatory nature, as is shown in the (a) portion of
Figure 7-1. An 2lternative wavefors is an overdamped or
exponential transient, as is shown in the (b) portion of Figure
7-1. If ar exponential transient is coupled imntc the circuit
under test by transformer coupling, there wili inevitably be a
backsuing. The amplitude and duration otf this backswing may be
left uncontrolled provided that the amplitude of the backswing is
less than 25 pertcent of the amplitude of the main pulse,

Margins
In each case, a margin shall be specified between the tranmsient
desiqgn level and the actual transient level permitted by the

cable system. The definition of margin shall be:

Kargin = {decibel or dB}) = 20 log Iransient design_level
10 Actual transieat lewvel

The reguired margin will be a functiorn of the criticality of the
particular circuit and the degree of uncertainty in %fhe analyses
of actuyal transient levels and transient design lzvels. The
required wmargin will be greater:

a. For the more critical circuits.

. TFor that equipment in which the actual performance sf a
transient proof test is wvaived.

¢. Por those circuris in vhich the calculatior of actual
ransient levels is the least precise.

The regquived margins may be calculated by the formula:

Margin {expressod in dB = X + Y + Z . S b

Hhere X A factor dependirg on the criticality of the

circeit

(]
1

A factor relating t0 the extent tc which
actual susceptibility is known in %erns of
the assigned transient design level.



Z = A factoc cel@ting to the degres to
actual traansient level is known.

X or Criticality Factor
Criticality level 1 ¥ = 6 dB
Criticality level 2 i = 3 4B
Criticality level 3 X = (0 dB

¥ or

Differeunce between assigned transient
design level and susceptibility level
known by actual test

Difference between assigned transient
design level and susceptibil:ty lewel
estimated by analysis

Transient design level assigned
arbitrairily - actual susceptibility
level unknown

Difference kKn¢ L-om Susceptibility
testing, hut transient proof test
wvalived.

Difference estimated, Lut transient
proof test waived

Transient design level assigned
arhitrarily, actual susceptibility
level unkrnewn, transient proof
test waived

Susceptibility Factor

7% or Transient Level ¥Factor

Transient
from data

levels estimated only
given in Appendix ¥

Transient levels estimated from

detailed analysis, analysis not

reviewed by Lightning Protection
Committee

Traussient levels estimated fromn
detailed analysis, analysis
revieved and approved by
Lightrning Protection Comnittee

2

which the

6 4B minus actual
value exprassed
in 4B

6 dB minus one-half
estimated value ex-
pressed in aB

6 4B

9 3B mrinus actual
value expressed

in dB

9 dB minus one-half
estimated value ex-
pressed in 4B

9 4B



Transient levels known from low Z = -3 4B
level injected current tests

with results scaled to full

ligatning current level

Trznsient levels known from full 7 = -6 4B

scale injected current tests

Transient design levels may be assigned in terms of either open-
citcuit veltages or short-circuit current, as delivered from
sources having realistic wvoltage, energy, and internal impedance
levels., In some cases, either a voltage o current test may bhe
inappropriate, A test specification that calls for an iajected
current of 10 amperes tc be applied to a circuit terminated in a
high impedance {open reiay contact, inductive solenoid coil, ot
emitter-follower circwit) would clearly be inappropriate.
Generally, a current test will be most appropriate for electronic
circueits, and a voltage test rost appropria¢e for inductive
apparatus, transformers, motars, solenoids, etc., If the
apparatuas is protected by a surge protective device, a combimned
voltage and current test is appropriate; a voltage test tgo
deponstrate the voltage-~limiting characteristics and a current
test tc demonstrate the ability to handle the surge ensrgy.

Actual Transiant Levels

The calcnlation of actual transient levels that @ill appear on
cable systems 1s a task of sufficient complexity as to he bheyond
the scope of this document. One approach to determination of
these actual transients is given in Appendix F.

Retheds of Conductinc Tests

Fundamenta: to the conduct of a tranrient proof test must bha the
understanding that “he transient gernerators used to inject
transients into terminals of apparatus must inj2ct reasonable
amounts of power into those termimals., This implies that
generators must e=ploy wveltage and stored-energy levels and have
internal impedances appropriate to the voltage, current, and
enerqgy levels tkat lightning will produce oni the cable systens.

Host commonly, the transiznt proof test ¥ill be performed on a
comron mode or line-to-ground basis and on a complete cable

harness. In such a ca%se, the transient proof test may be made
using a transformer-coupling technique as showm on Figure D-1.

In some cases, it will he desirable to inject wvoltages on a line-
to-line basis. This may be done using the technigue shown on
Figure D-2. Transient proof tests may also be performed by
diractly inserting current icto the cable shields. Detailed
deelopment cof test techniques is beyond the scope of this
document. Saiple work sheets for the assigoment of transient
levels apd margins are shown ir Figures b-3 and b-4.
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TYPE EQUIPMENT

TYPE OF TERMINALS UNDER TEST

EQUIPMENT MOST SUSCEPTABLE TO:

TYPE OF TEST TO BE MADE (Check as appropriate)
Voltage [ ] Comman mode [ Oscillatory [}

Current [ ] Line-to-line [[] Exponential [

f =
Tl = - Assigned leval
T2 = Design -

Test [
CALCULATION CF REQUIRED MARGINS (Check as approvriate)

Criticality 1(X=0dB)[] 2(X=3¢B)[] 3(X=0dB) [}

Susceptability factcr {Y)
Known by test (Y = 6dBminus actual value)
Known by analysii (Y = 6dR minus one-half estimated value)
Unknown (Y = &di})
Transient proof test waived
NO (0cB)
YES (A.dd 3dBto value of Y)

NEENEE

Actual transient level factor (Z)
Estimated from appendix F {Z = &dIB)
Known by analysis {Z = 3dB)
Known by analysis plus review (Z = 0dB)
Low level surge test (Z = -3dB}
High {evel surge test (Z = 6dB)

HEEEN

Require margin X+ Y+ Z =

Figure D-4  Sample work sheet for transient level assignments.
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APPENDIX E

TEST WAVEFORHXS DESCRIPIIONS

L severe lightning current waveform model has been defined for
the Space Shuttle as a design requirezent and included in
Appendix A of this document, The reproduction of this coaplete
vaveforn would be expensive and difficult, therefeore, some
simplified test waveforas are prescribed for demanstrating
compliance #ith the severe model requirements. These waveforas
are baszd primarily on standard practice at aircraft lightning
laboratories. The wvaveforms have tolerazces that are
inteantionally broad so that more than just a few laboratories can
produce them. They do represent moderate to severe lightning
effects.

Por test purposes, a natural lightming discharge may be arbi-
trarily divided into high-, intermediate-, and low-current
components, and high current rate-of-rise, all of which have
different damage effects. Each part of an aerospace vehicle may
be wulnerable to one or nore specific lightning current
components. High-voltage waveforms are used to check dielectric
puncture and attachment poirts,.

The voltage and current test vaveforms are generated by using
capacitor banks in various series and parallel combinations.
most of the effects of iigqhtning are reproduced by these
vaveforms.

The test waveforms, illustrated in Figure 7-1, are in general
terms. Specific waveforms applicable to the various phases of
the test program include:

2. Full Scale Testing - Total vehicle test pnases
(prizarily for assessment of indirect effects).

1. Tast wave - A danmped oscillatory waveform (Figure 7-
1) at a frequency, f, of 100 (:50 percent) kilohartg
with an amplitude, A, of 10 (+10 percent)
kiloamperes. This component, particularly with its
front of wave firing traonsients, simulates the
higher frequency compcnents in the lightping dis-
charge hiqh current return stroke.

2. Slov wave - A damped oscillatory waveform (Fiqure 7~
1) at a frequency, £, of 2 (150 percent) kilohertz
vwith an amplitude, A, of 20 (+10 percent)
kilogamperes. This component simulates the lover
frequency componentis in the lightning discharge.
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Unidirectional wave - R generally exponential
vaveforn (Figure ?-1) that nost closely simulates a
natural Jightning stroke waveform, with a virtual
front time, t1, of 2 (450 percent) nicroseconds and
a time to S50 percen% of crest on the tail, t2, of 50
{+50 percent) npicroseconds, vwith an amplitude, A, of
100 amperes or greater. Induced voltages resulting
from this waveform must be extrapolated to full
threat levels.

b. Corponent Testing

1.

High current rate-of-rate (for assessment of
indirect effects) - A damped oscillatory wavefornm
{(Figure 7-~1) at a frequency, £, of 250 (220 perceant)
kilobertz with an average rate-of-rise during the
first guarter cycle of 100,000 (50 percent) amperes
per microsecond.

High current {fcr such direct effects as sparking,
ragnetic force, shock wave, and for assessment of
indirect effects) ~ A damped oscillatery wavefornm
{Figure 7-1) with a frequercy, £, of 10 {£%0
percent) Kilohertz, and an amplitude, A, of 200,000
{+10 percent) amperes, except when stroke sveeping
effects preclude the probability of more than one
stroke entering at one place, in which case, the
current beyond the first half cycle may be deleted.

Intermediate current (for such direct effects as
slow pressure buildup and metal skin puncture) - An
exponential waveform (Figure 7-1) with an amplitude,
A, of 5000 (+10 percent) amperes and 1 by 3 (£30
percent) nillisecond waveform (t1 = 1 millisecond
and t2 = 3 wnilliseconds).

Long-duration continning currents {for direct skin
puncture effects) - A rectangular waveform (uot
illustrated) at 400 (+10 percent) amgeres dc with a
duration of 0.4 (#10 percent) second. Where it may
be shown by &nalysis or demonstrated by test that
the long duration current will not remain attached
to one part or component on the Shuttle Ccomposite
vehicle for the full 0.4 second specified above, the
duration may be reduced to the indicated attached
time.

A high~voltage waveform {for such direct effects as
dielectric puncture and arc attachment stadies)
applied at a rate-of-rise of 1000 kV per microsecond
{£50 percent) across &n air gap set so that
flashover to the test piece occurs on the wavefront.
This v veform would bée similar to that shown in the
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(b) porticon of Figure 7-1, hut probably limited by
dielectric breakdown pricr to time t1.

The test waveform would be used for the effects described in the
parentheses,

Deviations or interpretations should bhe referred to the Lightning
Protection Committee.

7. To simulate the second return or subsequent strokes
in the lightrming fiash, the high current rate-of-
rise and the bigh current component wavefarms in
paragraphs b.1 and b.2 may be reduced to one-fourth,
and the intermediate current component waveform irn
paragraph b.3 may be reduced to one-half.

{Reference A-1).

C. Low Level Components and Subsystem Level Testing - Cur-
reats and voltages induced in cables may be either of a
damped oscillatoxy nature, similar to that shewn in the
{a) portior of Figure 7-1, or of an exponential nature,
similar to that shown in the (b} pcriicn of Figyure 7-1.
Test currznis and voitages induced into cables by
transformer coupling techniques will gemnerally include a
backs¥ing. The backswing may generalily be ignored if
its amplitude is less than 2% percent of the initial
amplitude, The choice of waveform and defining
parameters of the waveform must be made as part of the
rrocess of assigning transient design levels and the
conduct cf transient proof tests.

OTHER WAVEFOBM DREFINITIONS

Seme terms frequently used in reference to simulated lightning
test waveforms follow, These are excerpts frcecm the USA and TEEE
Standard "Techniques for Dielectric Tests,"™ USA,C68.%1 and IEER
Ko. U define waveform parameters for the last three non-
oscillatory components. The paragraph numbers refer to the USA
and IEEE document nuabers.

Impulse Currents

5B.1.3 Virtnal Front Time. The virtual front time t1 is de-
fined as 1.25 times the interval betwveen the instants
vhen the impulse current is 10 percent and 90 percent
of the peak value,

If oscillations are present on the front, the 10 percent
and 90 percent values should be derived from the mean
curve drawn throuqli these oscillatichs.



5B.1.04

5B.1.5

50.%.6

58.1.1

5a.1.3

Sh.1.4

yirtual Crgin_01. The virtual orgin 01 of an impulse
is defined as the ingtapt preceding that corresponding
to the time at which the cirrent is 10 percent of the
peak value by 0.1 2.

For oscillograms naviag linear time swveeps, this is tha
intersection with the abscissa of a straight line drawva
through the 10 percent and 90 percent reference points on
the front.

¥ictual Time _to Hglf Value t2. The virtual time to half
value is the time interval between the virtual origin
and the instant on the tail, where the current has de-
creased to half the peak value,

Virtual Duration of a_Rectangular Xmpulse Current. The

virtual duration of a rectangular impulse current is defined

by thka time during which the current is greater {than 90
percent of the peak valuae.

Full-Ippulse_Yeltage. A full-impulse voltage is ideally
an aperiodic transient voltage that rises rapidly to a
maximur value and falls usvally less rapidly to zero.

Peak Value, Alternatively Virtual Peak Yalue. Tne peak
value is normally the maximum value, With some test cir-
cuits, oscillations or overshoot may be present on the
voltage. TIf the amplitude of the osciliations is not
greater than 5 percent of the peak value and the fregquency
is at least 0.5 megahertz, or alternatively, if the
amplitude of the overshoot is not greater than 5 percent
of the peak value and the duration not lenger than 1
microsecond, then for the purpose of measurement a mean
curve may be dravwn, the pmaximunr amplitude of which is
defined as the peak value.

yirtual Front time t. The victual front time t is
defined as 1.67 times the time interval t ketween the
instants wher the impulse is 30 percent and 90 percent
of the peak value. If oscillations are present on the
front, the mean cunve should be drawn through the oscil-

latvians.

Virtual Origin 0 _of_ an_Imrulse. The virtual orgin @ of am
iupluse is defined as the instant preceding that corres-
ponding to peint A hy a time G.3 t. For oscillogranms
having linear time sveeps, this is the intersection with
the abscissa of a straight line drawn through the ref-
erence points on the front.




541.6

50.1.7

Virtual rate of Rise (RR)_of the Front. The virtual rate

of rise (RR) of the front is the guotient of the peak
vzlue and the virtual front time.

Virtual Time *to Half Value t. The virtual time to half

value t of an impulse is the time interval between the
7irtual origin and the instant on the tail, whea the
voltage has decreased to half peak value,

Further information may he obtained from the following
Sources:

a. Standard "Techniques for Dielectric Tests" USA
C68.1, TEEE No. 4, 1968 IFEE - 3115 East 47th
Street, New York, ¥ Y 10017.

b. J. D, Robb, R. P. Huber and C. J. Kawiecki,
Lightning Test Facilities and Measurements
Techniques," USAF Avionics Laboratories, #Wright~
Patterson AFB, Ohic, Proceedings, 1270 Lightning and
Static Electric Confarence, December 1970, San
Diegn, California.

C. B. H. Evans and J. Phiilpott, "Lightning Simulation
and PTesting in Relation to Specification BIL-B-5087-
B," sroceedings, 1972 Lightaning and 5Static
Eleciricity Conference, Decerber 12, 1972, Las
Vegas, Nevada.
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APPENDIX F

MAGHNETIC FIELDS, CONDUCTOR CURRENTS, AND
CONDUCTOR YOLTAGES WITHIN DIFFERENT ZONES
OF THE SPACE SHUTTLE

A ligatning strike to the Space Shuettle will produce
electromagnetic fields within the vehicle. The magnitude and
waveshape of these fields will be dependeat npon the cuarrent
amplitunde and waveshape of the lightning strike, the point on the
vehicle that is struck, and upon the degree of electromagnetic
shielding offered by the vehicle. FRrxternal to the vehicle, there
will be bcth intense electric and uwagnetic fields, but inside the
vehicle the magnetic fields will predominate. The electiric
fields will be negligible except mnear apertures. The nagnetic
fields will also be high near apertures.

The magnetic fields, if they pass between a cable and the vehicle
structure, will induce a common-mode voltage between the
confiuctors of the cabie and the venicle structure. The voltage
will depend upon the magnetic rield intensity, the rate of change
of that magnetic field, the cable langth, the spacing between the
cable and vehicle structure, and thke shielding of the cable.

This indoced vwoltage may either appear in the ferm of a voltage
across open contacts, or may cause a curtent to circulate through
cable shields or low-impedance input c¢ircuits. Whether or not
damage or malfunction cccurs depends on the amplitude and
vaveshape of these voltages and currents, and on the type of
dievice upon which the voltage appears or throigh which the
currents circulate. Evaluation of these fields, voltages,
currents, and effects is a difficult and compiex task, and if
pursued rigecrotsly would be guite expensive and time consuming.

In order that initial specifications regarding avionics equipnent
for the Space Shuttle may be defined, an analysis has been made
of the expected magnetic fields within different reqgions of the
Orhiter and of the open-circult voltage or short-circuit current
that may be induced by such fields. They are believed to be
conservative, bhut representative of the effects produced by
severe lightning strikes. If application of these data indicate
a severe compatibility problea leading to severe cost or weight
penalties, further analysis is warranted.

Pigqure P-1 shows the different regions within the structure that
vere considered in this analysis. These are:

Zone T - flight deck

Zone 2 - center eguéipment bay
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Zone 3 - lower equipment bay
Zone 4 - farward top

Zone &5 - forvard center

o
1

Zone payload bay

-J

Zone -~ aft equipment bay

Zone 8 - engine coppartment
Zone 9 - vertical stabilizer
Zone 10 - wing

The magnetic fields withip the structure will be different
depending upon the poirt at which the lightning arc attaches to
the structure, and upon the mechanism by which the magnetic
fields couple to the inside of the structure. Coupling may be
elther through apertures or by diffusion through the metal skin.
An example of an important aperture is through the windshield
into the flight deck, Zone 1. This aperture coupling is
particularly important for a striks near the top of the
windshield, shown as strike B ii. Figure F-1.

The fields in the different zones can be represented as the
direct superposition of twe components, one due to aperture
coupling, component A, and one due to diffusior coupling,
component B. Conmponent A has a waveform the same as that nif the
incident lightning current while the cowmponent B has a weveshape
vith longer rise and fall times than the incident lightnirng
current. Tag vavashz2oe of component A is the same for the
different zones. This is also true for ihe vaveshape of
component B, The anplitudes of the twa components are nol
assumed to be related. The waveshapes cof the two cozponents are
shown in Figure F-2, while the amplitudes are shown in Table F.1.

If only common-mode voltages are considered and only <able
systems short enough that transmission line effects need not be
considered, the induced voitage will be:

e = dp/dt =4, 2 AH/AL . . . . . 0 o0 e o s D)
wvhere A = area of the loop involved - neter?
7]

& total flux linked in webers

H = magnetic filed intensity in amperes/meter

o= B 2 10~7 - henry/meter (permeability of free space)



t

saconds

volts

(<]
expressed in inch units

e = 811 x 10710 x £ X h GH/GE o o o o o = o« o = « « = & M

I

vhere £ length of cable bundle - inches

h

height above ground plane - inches
H = amperes/aetsar
t = seccnds

It must be epphasized that the voltage so calculated is that
existing betveen the entire group of conductors (comprising the
cable) and the vehicle structure. The voltage will divide
wetween the loads at the ends of the cable inversely as the
impedance of the loads., For vorst case analysis, consider one
end of the cable grounded with the other end open circuited. All
the voltage so developed will appear at the open-circuit end of
the cable.

Line-to-line or circuit voltages will bhe less, generally by a
factor of 10 to 200 or 20 to 40 dF down from the common-node
voltages because individual condauctors are usually close together
and are often twisted, thus reducing the total loop area.

The maximum cable current is that which flowvs when both ends of
the cable are conmected to the wvehicle strncture through a low or
zero impedaace. Such an impedaunce may be an overall shield
grounded at each end or it may be a group of semiconductor
circnits, each having low input impedance. In the first case,
the current will fliow on the pverall shield witk the current on
the input circuits Aetermined by the skieiding properties of the
shield. TIn the second case, the current will flow directly
through the input semiconductors and their bias sources.

P-4



The short circuit current that flows may be determined from the
familiar expression

€ T L Adi/3t o o 4 4 &« ¢ 2 6 = a e v e = o8 a w8 & + 2 & 3
whence i = 1/Ld/.edt “« 8 e o v s a & & ® =« ® w 2 0= a e o « )
i = amperes
L = self-inductance of cable in henries
€ = open circuit induced voltage in volts
t = time in seconds
Cable inductance may be estimated from the expression

L=2zx 10-7 log ih henries/meter ¢ & « « -~ « « « 5}
e d

or 5.08 x 10-9 logqg A4h henries/inch o « o 4 o o & < . 8)
e d

where h height above a ground pians

d

conductor diametar

The induced voltage. e, whick drives the current is proportional
to the cable height, but the cable inductance which impedes the
flow ¢of current is proportional to the logaritha of the cable
height.

Cable voltages and currents calculated as above are gives in
Pigures P-3 and P~U4 respectively., The paramaters used in the
calulations are based upon the lightaing madel described in
Appendix A.
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Table ¥.1 Magnetic Pields Ir Different 7ones Of
The Struciure

s AN —— W e W Y3 e Y e - — — — - G ———— — - S Y L} A S S D

Diffusion coupling
B-component, amperes/meter

| !

{ ] |
| == e e e ittt i
] I |
4 1200 | 800 |
i { |
{ 60 i 200 !
§ i |
| 0 { 200 !
i | i
{ 50 i 150 |
i i |
{ 50 1 100 t
| | 1
] 280 | 300 {payload) |
4 i 150 (no payload) |
i i |
| 50 | 570 i
| I |
{ 200 i 680 i
i | 1
5 200 { 3700 1
i i |
{ 65 | 300 |
i | |
______________________________________________________________ 3

The above field levels are to be used for preliminpary design
effort only., Apertures within the various zones shall ba
considered when establishing the field levels for final {esign.
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2x 10 5A——

2% 10_6sec 1

100 x 10 %sec
(2) Lightning current

= wnm wmem See table F~1 for ampolitude

\

100 x 10"6sec

2x10

(b) Aperture coupled field, A-component

== == Sce table F-1 for amplitude

~
//
:
/ :
// 1 \\‘
300 «x 10"65ec l_
600 x 10~

{(c) Diffusion coupled field, B-component

Figure F-2  Waveforms of aperture and diffusion coupled magnetic fields.
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Adverse effects

4Lrc attachment point

Air terminal

Attenuation

Bearing assembly

Cable

Cakle ladder or
cable tray

APPENDIX G

GLOSSARY OF TERMS

Adverse effiects are defined as those
conditions that damage egquiprent
required for safe opesration of the
vehicle; causes wmalfunction or
inadvertent aperation of equipment or
systems reguired ftor continued safe
operation of the vehicle; reguires
inmediate action by the crew to assess
andsor correct for damage ar
malfunction during time critical flight
phases {i.e., launch, ascent,
atmospheric recovery, approach, and
landing through rollout); aand causes
eiectromagnetic cowvpling whichk
annunciates fault status reguiring crewv
assessnent,

The point or poiants at which a
lightning channel attaches to a
metallic surface.

The combination of elevation rod with
tip or point if used, and hrace, or
footing placed on upper porticns of
structure to intercept lightning
stnokes.

Reduction in magnitude of an electric
or pnagnetic field, a current, or a
voltage expressed in decibels, where

attenuation (dB) = 20 lag Q1
10 Q2

Q = current or voitage

A groap of individual bearirgs which
support a single movakle structure.

Any guantity of electrical wires
grouped together to form a single
bundle.

Refers to standard supporting mewmhers
for signal and pover caktle groups.
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Cable shield

Conz of protection

Criticality category

E-Ground (Equipnent)

Flash

I-Ground
{Instrumentation)

Margina

Any metallic covering on a siegle
{coaxial) or multiple conductor cable.
The shield car take the form of tianed
or untinned copper braid, wrapped foil
tape, or a lead jacket.

This term refers to the volume of a
cone in which objects are very unlikely
to be struck directly by lightning.

The cone of protection of a grounded
air termimal or mast of conducting
material is the space enclosed by a
cone, vhich has its apex at the highest
point of the air terminal or mast and a
radius at the base which is a function
of the mast height. A 1:1 cone has a
base radius equal to its height, and a
2:1 cone has a base radius equal to
twice its height.

Criticality categories are defined as
followus:

Category Defipition

1 Loss aof life or vehicle
2 Loss of mission
3 311 other

A grounding network which is grounded
to earth at several points. (Building
structural steel is a common example of
an E-ground netvork.)

The total series of electrical and
luminous effects comprising a single
lightring phenomenon. Typically, the
duration of a flush is several tenths
cof a second.

A grounding net¥ork which is completely
isolated from earth ground except at
one reference tie pcint., A sSystem may
contain several I-grounds, all
separate. {Ideally, all I-grounds of a
systen should connect to E-ground at
one common point.)

The required ratio, expressed in 4B,
between the transient design level and
the actual transient level which
lightning is expected to produce on the
irterconnecting wiring.

G-3



May For this document, may is used in the
permnissive sense.

Retirn stroke Any one of the high current, brightly
luminous, upward-moving surges, that
occur during a c¢loud-to-ground flash.
Upward moving retura strokes are
preceded by a dowpward moving leader
streamer from cloud-to-ground.

Second or subsequent A high current or intermediate current
return stroke impulse in an existing lightning channel.
Shall For this document, shall is used in the

mandatory semnse.

Should For this document, should is used in
the recomwmended sense.

Stroke Any cne of the major electrical and
luminous effects, the entire series of
which make up the lightning flash.
Typically, stroke duration is much less
than a millisecond. Many anthors
restrict the term "stroke" to the
"return stroke"™ of the cloud-to-ground
flash.

Terminal equipment Any type of electrical egquipmrent
interfacing with an electrical
conductor - any electrical comnductor
thus interfaces with two pieces of
terminal equipment, one at each end.

Transient design level L level at whkich a transient proof test
is made. The transient design level
specification includes the amplitude at
which the test is made and the
frequency of an oscillatory transient,
or the time to the crest as well as the
decay of an exporential wave.

Transient proof test A test in which current or voltage
transients are injected into terwminals
of electrical equipnent to prove that
adverse effects are not encountered.
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